ABSTRACT
INTRODUCTION
Water balance in the brain is regulated primarily by Aquaporin 4 (AQP4) channels, which are concentrated in perivascular astrocytic end-feet 1 and belong to the multigene family of Aquaporins 2, 3 . Little is known about the kinetics of AQP4 turnover or the physiological basis for maintained AQP4 expression in astrocyte endfeet. The demonstration that reduced 4, 5 or abrogated 6, 7 AQP4 function increases resistance to brain edema arising from stroke in a permanent ischemia model [8] [9] [10] has supported the suggestion that AQP4 levels may serve to gate evolving edema after brain injury.
Importantly, the protective anti-edema effects observed in transgenic mice are demonstrated in the context of a pre-existing reduction of AQP4 prior to the stroke onset.
In normal animals, if AQP4 serves a gating role it would be predicted that its levels should change rapidly in order to impact the earliest phases of stroke-evoked edema.
It is well known that brain injury dysregulates AQP4 channel expression 11, 12 with model-dependent results of both up and down regulation. Brain injury from experimental stroke has been associated with upregulation of tissue AQP4 protein, mRNA and immunoreactivity in both stroke core and infarct in a tMCAo model of 30 minutes occlusion followed by 1 hour of reperfusion in adult mice 13 . Experimental tMCAo in mice has also been linked to fluctuating up and down regulation of AQP4 in a model with 90 minutes of vessel occlusion followed by 1 to 12 hours of reperfusion in adult mice 14 .
In this latter study, AQP4 dysregulation converted to a stable and significant reduction after 24 hours of reperfusion in the stroke core and a recovery of AQP4 levels in the penumbra.
It remains unclear if there are conditions that trigger a rapid, possibly, self-protective reduction of brain AQP4 in the acute phase of ischemia, defined here as less than 24
hours post-insult. The perivascular concentration of astrocytic AQP4 suggests a hypothesis that severe vascular injury may interconnect with the regulation of AQP4
channels. An approach to test the hypothesis of a linkage between vascular damage and rapid ischemic changes in AQP4 expression is to determine the effect, on AQP4, of modulating vascular damage through increased duration of ischemic insult 15, [19] [20] [21] . The resultant vascular damage that is severe can be monitored on the basis of the presence of pathological endothelial cell permeability to high molecular weight fluorescein-dextran (2 MDa) 15 , 16 17 18 . In order to study ischemic alterations in AQP4 that are rapid, brain re-perfusion can be limited to short epochs since even 30 minutes of reperfusion captures acute cytotoxic edema in astrocytes 22 after cardiac arrest. The present study asks then, if a tMCAo model, with varying occlusion-durations and with only 30 minutes of reperfusion, uncovers a capacity for rapid AQP4 loss in ischemic brain regions with severe vascular damage.
METHODS

Surgery for tMCAo
All procedures were performed with approval of the VAMC San Diego IACUC. We used 45 male Sprague-Dawley rats (290-305 gm) in this study. Rats were anesthetized with isofluorane; (1-2 % in oxygen: nitrous oxide 30:70) and this was followed by tailvein injection of 2-MDa fluorescein-dextran (Sigma, St. Louis, MO) (0.3 ml of a 5%
(w/v) solution).
For tMCAo, the left common carotid artery was threaded with a 4-0 nylon suture (Ethilon, Animal Health, Baltimore, MD) that was blunted to a diameter between 300
and 310 µm using a microforge (Narishige, East Meadow, NY). The suture was advanced 17.5 to 18.0 mm from the bifurcation point of the external and internal carotid arteries, to block the ostium of the MCA. Occlusion durations varied from 1, 2, 4, or 8 hours and reperfusion time was fixed at 30 minutes. Transcardial perfusion and tissue fixation was performed as previously described 17, 18 .
Immunocytochemistry
Brain sections were cut into 50 μm sections and then immunostained 18 
Western Blots
After barbiturate overdose at the end of 8 hours of tMCAo and 30 minutes of reperfusion, rats were exsanguinated with cold saline and whole striata were subdissected from the ischemic and contralateral hemispheres and snap frozen in liquid nitrogen (n=4 rats).
Tissue samples were homogenized in a standard lysis buffer 23 that included 1% SDS.
Insoluble material was pelleted in two runs at 14,000 g and resultant lysates were fractionated on a NuPage 4-12% Bis-Tris gradient gel (Invitrogen, Carlsbad, CA)
followed by transfer to a nylon membrane (Life Sciences, Boston, Mass).
Immunoblotting was performed first with anti AQP4 antibody (1:500 in tween buffered saline (TBS-T) with 1 % milk). After washing, the membranes were incubated in antirabbit antibody (1:2000 in TBS-T with 5% milk). Immunoreactive protein was visualized with Western C (BioRad, Hercules, CA) for chemiluminescence. Scanning densitometry and analysis was obtained with a Versidoc 4000 (BioRad, Hercules, CA).
Blots were stripped twice for reprobing first with anti-GFAP (1:5000 in TBS-T and 5% milk) and then with anti-beta actin antibody (1:5000 in TBS-T and 5% milk, SigmaAldrich, St Louis, MO). Secondary anti-mouse antibody for GFAP and for beta actin was provided by Cell Signaling Technologies and used at a concentration of 1:5000 in TBS-T and 5% milk. Lane loading differences were controlled for by normalization to the corresponding actin signals for each sample.
RNA extraction and Real Time RT-PCR
RNA was isolated from frozen tissue samples of ischemic cortex, striatum and contralateral uninjured homologous control tissue after 8 hours of tMCAo using the RNeasy Mini Kit (Qiagen) according to manufacturer's instructions. RNA was reverse transcribed to cDNA using the GeneAmp RNA PCR Core Kit (Applied Biosystems, Foster City, CA) using random hexamer primers. Real time PCR analysis from samples from each rat (n=7) was run in triplicate and performed using the Opticon DNA Engine 2 (MJ Research) and the Power SYBR Green PCR kit (Applied Biosystems) using 1. Fluorescein and Cy5 gates were set for background levels that were determined from negative control tissue sections. Section fluorescence was digitized from 40 μm diameter scan areas that were tiled across the whole section (e.g. Fig 4A2 and 4A3) . The thresholded and integrated fluorescence signal intensities for both fluorescein and Cy5 determined whether a particular scan area was classified as backround, or single or double labeled. This is illustrated by the scattegrams created by the Wincyte TM software (Fig. 4A4 ). For example, the scattergram in 
In vivo Propidium Iodide Labeling
Rats were subjected to 8 hours of tMCAo (n=3) and propidium iodide (0.3 ml of a 2mg/ml solution) was injected via tail vein for the last 2 hours of occlusion (n=2) or for the last 4 hours of occlusion (n=1). All rats were reperfused for 30 minutes and then killed with a barbiturate overdose followed by transcardial perfusion with saline and then buffered paraformaldehyde fixative. The brains were removed, cryoprotected in 30% sucrose and cryostat sectioned at 15 μm. Immunostaining for GFAP was performed after antigen retrieval 17 with visualization either with cy5-avidin or with use of Alexa- . Volume rendered images of the vessel fluorescence was performed with using VOX2 (public domain software) and with MatLab (The Mathworks, Natick, MA).
Spectral separation of these images was performed by subtracting the cross-over fluorescein signal from the image observed in the Cy5 channel.
Statistical Analyses
The double label index (double-positive counts normalized to total fluorescein-dextran in individual sections) was assessed for differences as a function of occlusion duration using one-way ANOVA. To assess the significance of differences between the high and low dextran subregions over different occlusion durations, one-way ANOVA was used with Tukey's procedure for testing differences post-hoc. Plotted immunocytochemical data was expressed as mean±2 SE (standard errors). The paired t-test was used to assess the significance of differences of mean values, in neocortex, in the total fluorescence in high and low leakage subregions after 8 hours of tMCAo. Differences between means of GFAP and AQP4 mRNA in cortex and striatum relative to the contralateral side were assessed by ANOVA. Data from Western blots and rtPCR were plotted as mean±1 SE. 
RESULTS
Acute tMCAo of one hour resulted in patchy reductions in AQP4 immunoreactivity (Fig. 1) . Patches of tissue marked by pathological uptake of 2MDa fluorescein-dextran overlapped regions with AQP4 staining deficiencies (Fig.1) . There was negligible fluorescein-dextran uptake on the contralateral side of the brain, supplied by the nonoccluded middle cerebral artery (Fig. 1) . A macroscopic spatial correspondence between AQP4 immunostaining deficiencies and fluorescein-dextran tagged tissue uptake was further observed after 2, 4, and 8 hours of tMCAo (Fig. 2) . Regions of reduced AQP4 staining and of emerging fluorescein-dextran labeling expanded with occlusion duration, especially in the striatum. After 8 hours tMCAo, patchy AQP4 reduction and patches of dextran labeling were also distributed in the ischemic neocortex ( Fig. 2 and see supplemental Figure 1 ). These data provide qualitative support for a rapid dysregulation of brain AQP4 after stroke.
To determine if the macroscopic reduction in AQP4 immunostaining reflects an overall loss of AQP4 protein, Western blots for AQP4 immunoreactivity were performed on tissue lysates from whole striata. The analyses were restricted to cases with 8 hours of tMCAo, as this occlusion duration was associated with the greatest macroscopic loss of AQP4 immunoreactivity. On average, no significant loss of AQP4 protein was detected in ischemic striata (Fig. 3A) . Similarly, rtPCR of AQP4 at 8 hours demonstrates no significant change in AQP4 mRNA expression (Fig. 3B) . However, GFAP mRNA is significantly increased in the ischemic striata ( Fig. 3B and see Supplemental Figure 2 ). This lack of significant change in AQP4 protein or mRNA in tissue homogenates may arise from a micro-heterogeneity of loss of AQP4. Thus, high resolution microscopy of the ischemic striatum, after 8 hours of tMCAo, demonstrated individual fluoresceindextran labeled vessels which lack perivascular AQP4 as well as other vessels which showed persistent perivascular AQP4 label (Fig. 3C) . This micro-heterogeneity limits quantitation of acute changes in AQP4, after stroke, to methods that do not blur focal changes.
To test if stroke-induced fluorescein-dextran labeling provides a tool to stratify spatially micro-heterogeneous changes in AQP4 expression, we segmented immunoreactivity according to the presence of concomitant uptake and tissue-labeling by high molecular weight fluorescein-dextran. Laser scanning cytometry analysis of whole brain sections ( Fig. 4A1-4A5 ) was used to probe scan areas of 40 μm diameter. These scan areas were rastered across whole brain sections (Fig. 4A2) . Consideration of the number of scan areas with fluorescein-dextran label in whole brain sections demonstrates a significant increase in number after 4 or 8 hours of tMCAo relative to 1 hour tMCAo (Fig. 4A5) , consistent with the macroscopic data illustrated in Fig. 2 .
The fluorescein-dextran positive scan areas were further assessed for the presence or absence of Cy5-tagged immunolabel. This was quantified as a double-label index (Fig.   4F ) which reflects a section by section normalization of the number of double-labeled scan areas to the total number of fluorescein-dextran scan areas per section. The doublelabel index of scan areas with both AQP4 (Cy5) and fluorescein-dextran label after 2 hours tMCAo (57%±14%, mean±2 SE) was significantly less than this index after 1 hour tMCAo (84%±8%; p<0.02 for 1 hour versus 2 hour tMCAo, ANOVA with Dunnett's procedure). Further AQP4 reductions were observed with longer tMCAo (p<0.001 for 1 hour versus 4 hour or 8 hour tMCAo). However, even at 8 hour tMCAo, double-labeled scan areas were present, consistent with high resolution microcopic examination (see Fig.   3C ). These data indicate that stratification of AQP4 staining according to proximity to stroke-induced high molecular weight fluorescein-dextran uptake permits quantitation of AQP4 staining loss in response to acute stroke.
The double-label index for immunoreactivity to biotinylated IgG was determined as a technical control. This allowed evaluation of whether the reduction of the AQP4 doublelabel index represented a non-specific effect of ischemic brain swelling since swelling alone could reduce the density of AQP4 positive scan areas. As focal cerebral ischemia triggers leakage to endogenous blood-borne molecules such as IgG, we predicted that counting regions labeled with fluorescein-dextran should also contain IgG immunoreactivity. Immunoreactivity to IgG, reported by Cy5, resulted in label of brain parenchyma in areas with blood vessels that were marked by fluorescein-dextran uptake (Figs. 4D1, 4D2, 4F ). However, in contrast to AQP4, the double-label index for IgG and fluorescein-dextran showed no significant change with increased tMCAo duration (Fig.   4F ). The stability of the IgG and fluorescein-dextran double-labeling index indicates that dextran leakage and IgG extravasation increase in parallel with longer durations of tMCAo. Thus, the reduction in AQP4 immunoreactivity, proximate to uptake of high molecular weight fluorescein-dextran by hyperpermeable vessels, is not a result of brain swelling.
To determine whether the decline in the AQP4 double-label index generalized to an independent marker for astrocytes, we determined the double-label index for GFAP (Figs. 4E1, 4E2 ). GFAP staining intensity was especially dense in regions of fluoresceindextran label and also near the lateral ventricle (Figs. 4E1, 4E2 ). The double labeling index for GFAP and fluorescein-dextran did not change significantly with tMCAo duration (Fig. 4F) . Therefore, the expansion of dextran labeling over increasing occlusion duration occurred among populations of astrocytes with simultaneously increased GFAP staining and reduced AQP4 immunoreactivity.
Ischemic regions with low levels of dextran leakage showed less dysregulation of AQP4 immunoreactivity. This is illustrated in Figure 5A which shows similar levels of AQP4 staining in the nonischemic striatum and in the ischemic striatum in fields that span across areas with high to low levels of dextran leakage. Immunoreactivity for AQP4 in areas with low levels of dextran leakage was qualitatively similar in ischemic and contralateral striatum after tMCAo of 1 or 4 hours duration. After 8 hours of tMCAo, AQP4 immunoreactivity was more heterogeneous in ischemic areas with low levels of dextran, as there were patches of increased and reduced staining (Fig. 5A) .
In order to test the qualitative impression of an apparent stability in the AQP4 immunoreactivity in ischemic regions with low levels of fluorescein-dextran leakage, total AQP4 staining density was determined in operator-defined subregions that were segmented according to fluorescein-dextran leakage. The analyzed regions typically encompassed 300 scan areas (for examples of operator-defined subregions see boxes in the fluorescein-dextran rich area on the ischemic side and in the fluorescein-dextran poor area on the contralateral side of the digitized section in Fig. 4A3 ). Scanned subregions with high or low densities of fluorescein-dextran label were identified for all durations of tMCAo (Fig. 5B) . The AQP4 staining density in such subregions was also measured (Fig. 5C ). In subregrions with low fluorescein-dextran the total Aquaporin 4 immunoreactivity showed no significant change over increasing durations of occlusion (Fig. 5C ). In contrast, in subregions with a high density of fluorescein-dextran the total AQP4 immunoreactivity declined with increasing occlusion duration (Fig. 5C , white bars) (ANOVA was used with Tukey's procedure for post-hoc comparisons, F=3.78, p=0.018).
Aquaporin 4 staining was additionally disrupted in ischemic neocortex after 8 hours of tMCAo ( Fig. 2 and see supplementary Fig. 1 ). Subregion quantitation of AQP4 staining density, in 8 hour tMCAo ischemic neocortex, showed significant reductions of AQP4 in high-dextran leakage subregions relative to low-leakage regions (9.2±3% vs 17.4±1.8%, mean ± SEM; n=5 rats; t test, p=0.033). Thus regions with low uptake of high molecular weight fluorescein-dextran in ischemic neocortex, ischemic striatum and contralateral striatum share the characteristic of resistance to ischemic loss of AQP4 immunoreactivity after 8 hours of tMCAo.
The rapidity and selectivity of staining loss for AQP4 but not GFAP after acute tMCAo suggests that the loss of AQP4 staining may be a dynamic response in viable but ischemic astrocytes. The question of astrocyte viability, especially after 8 hours of tMCAo, prompted further evaluation of the ischemic striatum to search for early infarction, as defined by cell death. To quantitatively assess striatal infarction, the integrity of cell nuclei labeled by DAPI (4', 6-diamidino-2-phenylindole) was assayed by their prior uptake of circulating propidium iodide (PI) in vivo (Fig.6) . Such in vivo uptake of propidium iodide has previously 27 been shown to label dying cells after brain injury. After 8 hours tMCAo, the PI labeling index in the ischemic striatum of DAPI labeled nuclei was less than 10 % (7.6%+/-2.7%; mean, sd) ( Our demonstration of rapid changes in AQP4 during the acute phase of stroke extends previous experimental studies 14 and human pathology data 28 , where AQP4 loss has been observed after longer post-stroke survival periods. The chronic AQP4 loss observed in human stroke infarcts has been ascribed to associated astrocyte cell death. However, in light of the present study it is also possible that the persistent loss of AQP4 actually originated as an early rapid response of astrocytes during acute injury, as our data indicates that AQP4 loss occurs in the face of retained GFAP expression and in advance of widespread ischemic death. The notion that AQP4 loss represents an active rapid physiological response in viable astrocytes is supported by recent work documenting a reversibility of AQP4 loss in the stroke penumbra of adult mice 14 . In addition, the seminal observations of the extraordinarily rapid disappearance of membrane particle assemblies, later identified as astrocytic perivascular AQP4 channels, in response to circulatory arrest 22 minute occlusion duration tMCAo demonstrated significant increases in immunoreactivity in both the ischemic core and in the surrounding penumbra at 1 and 48 hours of reperfusion 13 . However, a separate study of stroke in mice 14 demonstrated reductions in AQP4 immunoreactivity in perivascular astrocytic glial endfeet in ischemic striatum after 24 hour of reperfusion. Of interest, the MCA occlusions in the latter study that resulted in reductions in AQP4 immunoreactivity, were 1 hour longer than the MCA occlusions that resulted in stroke-evoked increases in AQP4 levels. Thus the loss of AQP4 after stroke may require a critical duration or severity of ischemic injury.
Little is known about the molecular mechanisms that regulate expression of AQP4 in normal or in injured astrocytes. AQP4 promoter regions have been identified with binding activity for transcription factors that are up-regulated by ischemia and hypoxia (reviewed in Simard et al 34 )
. Non-disease conditions such as pregnancy also up-regulate the expression of astrocyte AQP4 35 . On the other hand other types of brain injury that do not involve widespread ischemia, such as hypertensive encephalopathy have been shown to result in reductions in perivascular AQP4 immunoreactivity 29 . Regulation of AQP4 mRNA at subacute (48 hour survival times) has been linked 36 to antecedent alterations in levels of targeted mircroRNA sequences. However there are also precedents for a role for channel regulation processes that are independent of changes at the level of transcription; for example, AQP2 surface-expression and function in the kidney is rapidly inactivated by channel ubiquitination followed by endocytosis 37 in response to channel phosphorylation. Furthermore, endocytotic regulation of AQP4 channels expression can be extremely rapid as histamine stimulation provokes rapid AQP4 internalization and reduced water transport as early as 20 minutes after stimulation 38 in a gastric parietal cell line. In conclusion, the demonstration of rapid but selective loss of AQP4 from rat brain astrocytes suggests that brain astrocytes may possess the cellular machinery for a selfprotective response to early ischemia; however, the localization of this effect to regions that are supplied by blood vessels that have been severely damaged by stroke may indicate that there is a injury threshold for this effect. (B) Quantitation of AQP4 and GFAP mRNA by rtPCR of whole ischemic and contralateral striata and cortices after 8 hours tMCAo (n=7). Gene expression data was normalized to GAPDH and presented as fold change (mean ± SE) versus the contralateral striata or cortex. The differences in bar height were not significant for AQP4 (ns).
GFAP mRNA in ischemic striata and cortices was significantly greater than levels on the contralateral side (ANOVA, p<0.005). Cell death induced by acute stroke was identified by in vivo uptake of circulating Propidium Iodide. A series of images of one field are shown. Panels A1 and A2 show DAPI stained nuclei in ischemic striatum (in A1) and the corresponding distribution of PI nuclear uptake consequent to loss of plasmalemma permeability barriers in dying cells (in
